Uptake of siderophores and vitamin B 12 through the outer membrane of Escherichia coli is effected by an active transport system consisting of several outer membrane receptors and a protein complex of the inner membrane. The link between these is TonB, a protein associated with the cytoplasmic membrane, which forms a large periplasmic domain capable of interacting with several outer membrane receptors, e.g. 
The cell wall of Gram-negative bacteria consists of two lipid bilayers, the outer membrane and the cytoplasmic membrane with the peptidoglycan layer in between. A number of different transport pathways regulate the uptake of essential compounds into the cell. Most substances are translocated through the outer membrane by diffusion porins using a concentration gradient. However, substances occurring at very low concentrations like iron siderophores and vitamin B 12 use specific, active, high affinity uptake systems that are driven by chemiosmotic energy transduced to the outer membrane by the TonB protein (1) . Three-dimensional structures of the following TonBdependent receptors have been determined by x-ray crystallography: FhuA (2, 3), FepA (4), FecA (5) , and BtuB (6) . All of them share the same basic architecture, a 22-strand antiparallel ␤-barrel, which is partially filled with an N-terminal globular domain (also called plug or cork domain). The ligand binding site is exposed to the external medium, whereas the TonB binding site is located at the periplasmic side of the receptor. A peptide motif near the N terminus is conserved among all TonB-dependent receptors: D7TITV in FhuA, D12TIVV in FepA, D81ALTV in FecA, and D6TLVV in BtuB. This conserved region is called the "TonB box" (7) (8) (9) . Infection of Escherichia coli by bacteriophages T1 and 80 and uptake of bacterial toxins (Colicins M and Ia and Microcin 25) also occurs in a TonB-dependent manner, and TonB box motifs are found in these colicins.
Binding of the ligand to TonB-dependent receptors induces conformational changes of the cork domain. In the case of the receptor FhuA the unwinding of a short ␣-helix, which directly follows the TonB box and is exposed to the periplasm (the so-called "switch-helix"), was observed (2, 3, 6) . The relocation of the switch-helix likely changes the position and accessibility of the TonB box on the periplasmic side of the receptor (6, 10) . These allosteric conformational transitions, propagated from the ligand binding site to the periplasmic side, may serve to signal the ligand-loaded state of the receptor.
The TonB-dependent transporters receive their energy from the chemiosmotic gradient of the cytoplasmic membrane mediated by an inner membrane protein complex composed of ExbB, ExbD, and TonB (11) (12) (13) . The TonB protein of E. coli is composed of 239 amino acid residues and can be divided into three domains. A hydrophobic region at the N terminus (residues 1-32) anchors the TonB protein to the cytoplasmic membrane (14) . Residues 12-32 are predicted to assume an ␣-helical conformation, which contains four highly conserved residues, the so-called "SHLS-motif," which was found to be essential for the interaction with the integral membrane protein ExbB (15) . The transmembrane domain is followed by a periplasmic part with high proline content and a conserved C-terminal domain, each composed of ϳ100 amino acid residues. 17% of the TonB sequence are proline residues; most of them are located between residues 75 and 107 (16, 17) .
Several observations indicate that the C-terminal domain of TonB (approximately residues 148 -239) interacts directly with the TonB-dependent receptors, particularly with their TonB box (18, 19) . Synthetic nonapeptides corresponding to the amino acid sequence of TonB between residues 155 and 166 were found to be able to inhibit FhuA-dependent transport of ferrichrome in vivo (20) . Complex formation between the Cterminal domain of TonB and the outer membrane receptors FhuA or FepA, respectively, has also been demonstrated by co-purification (17, 21) , and disulfide cross-linking was demonstrated between cysteine substitutions in the Q160 region of TonB and the TonB box of BtuB (9) and FecA (22) .
Recently the three-dimensional crystal structures of two Cterminal TonB fragments were reported. One of the fragments is composed of the C-terminal 85 amino acid residues of TonB from E. coli ("TonB-85," residues 155-239 (23)). The other fragment is composed of the C-terminal 77 amino acid residues ("TonB-77," residues 163-239 (21)). Both atomic models contain only residues 165-238, because the eight additional Nterminal residues of TonB-85 are disordered and cannot be identified in the electron density map. Apart from that the two structures are virtually identical and show two molecules tightly engaged with one another as an intertwined dimer. Each molecule forms three ␤-strands and a short ␣-helix in the order ␤-␤-␣-␤. The dimer is stabilized by the exchange of the first two ␤-strands, which form a ␤-hairpin. The arrangement of the ␤-strands in the dimer thus leads to a large 6-strand antiparallel ␤-sheet.
The finding that the C-terminal 77 residues of TonB crystallized as a dimer has led to models in which a dimer of native TonB may respond to occupied high affinity receptors, possibly by rotating (23) . Other recent results have indicated that the situation may be more complicated, however. In a study of C-terminal TonB fragments of increasing length (from 77 to 126 residues), it was found that fragments of 85 residues and shorter formed homodimers in solution, whereas the longer fragments were monomeric (21) . In addition, the shortest fragment with 77 residues (which lacked glutamines 160 and 162) was unable to bind to FhuA, whereas the longer ones (which contained the glutamines) formed a complex with it as determined by gel filtration studies and could inhibit the function of native TonB when produced in vivo. Furthermore, in a recent analytical ultracentrifugation and surface plasmon resonance study (24) , it was found that His-tagged C-terminal fragments of 85 and 208 residues both bind to FhuA, with the shorter fragment binding as a dimer. In the absence of FhuA the longer fragment that comprises the entire periplasmic part of TonB was monomeric, whereas in the presence of FhuA there were heterotrimers composed of one receptor and two fragments.
The three-dimensional structure of the C-terminal domain of TolA that belongs to the related TolQ/R/A system was recently reported alone for the Pseudomonas aeruginosa TolA (25) and in complex with the bacteriophage coat protein g3p for the E. coli TolA (26) . Despite an insignificant sequence identity (20%) between these two TolA proteins, their structures are remarkably similar. They both crystallize as monomers and consist of a three-stranded antiparallel ␤-sheet flanked by four ␣-helices positioned on one side of the ␤-sheet. A structure-based alignment of the C-terminal domains of TolA from P. aeruginosa with TonB from E. coli results in an amino acid sequence identity of only 18% (25) . Although TolA shares the secondary structure pattern ␤1-␤2-␣-␤3 with TonB-77 and TonB-85, it lacks the ␤1-␤2 hairpin exchange observed in the structure of TonB-77 and TonB-85 that enables the formation of a stable dimer.
Herein we report the crystal structure of a new C-terminal fragment of TonB from E. coli at 1.13-Å resolution. TonB-92 contains the C-terminal 92 amino acid residues of TonB, being only 7 residues longer than TonB-85. Its three-dimensional structure, however, differs significantly from those of TonB-85 and TonB-77, and more closely resembles that of TolA, because of the absence of the ␤1-␤2 hairpin exchange. In combination with recent results demonstrating that the longer TonB fragments are able to interact with FhuA more effectively and inhibit native TonB function in vivo, while the shorter fragments do not, these results cast new light on the question whether TonB in vivo functions as a monomer or a dimer.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-TonB-92, a C-terminal fragment containing the last 92 amino acid residues of the TonB protein of E. coli, was overexpressed in BL21(DE3) cells containing the plasmid pTB92 and was subsequently purified to near homogeneity (21) . Purification of the SeMet 1 -TonB-92 was performed according to the protocol for the native TonB-92 with the following exceptions: cells were grown in M63 minimal medium (27) to an A 600 of 0.6, and a selected set of amino acids was then added to a medium containing lysine, phenylalanine, and threonine at a concentration of 100 mg/liter; leucine, isoleucine, and valine at 50 mg/liter; and selenomethionine at 60 mg/liter. 15 Min later, 0.3 mM isopropyl 1-thio-␤-D-galactopyranoside was added to start the overexpression of SeMet-TonB-92. Purified SeMet-TonB-92 was concentrated in a 5-kDa filter (Vivaspin), and the flow-through was discarded. The final yield was 1 mg of SeMet-TonB-92 per liter of culture. For crystallization, SeMet-TonB-92 was used at a concentration of 20 mg/ml.
Crystallization and Data Collection-Crystallization and data collection of native TonB-92 at 1.08-Å resolution has been described elsewhere (28) . Crystals of selenomethionine-substituted TonB-92 were grown in 100 mM imidazole, pH 8.0, 1.1 M sodium citrate, and 100 mM sodium chloride using the hanging-drop method. The crystallization drop contained 3 l of protein solution and 3 l of reservoir solution. For x-ray data collection the crystal was flash frozen at 100 K using reservoir solution supplemented with 20% ethylene glycol as a cryoprotectant. SeMet data were collected at the Swiss Light Source beamline X06SA to 2.0-Å resolution and measured at three wavelengths corresponding to the peak, inflection, and remote high wavelength of selenium. The data were processed using XDS (29) . Data collection statistics are listed in Table I . The space group was determined to be P2 1 ; the Matthews coefficient is consistent with two molecules per asymmetric unit and a solvent content of 35%.
Structure Determination-Experimental phases were derived by the MAD method using the SeMet data. Four heavy atom sites were identified by using SOLVE (30), corresponding to two methionines in the TonB-92 amino acid sequence and two molecules in the asymmetric unit. Initial protein phases were calculated by using SOLVE. These phases were further improved by solvent flattening with RESOLVE (31, 32) leading to a first polyalanine model of TonB-92 with 123 amino acid residues out of 184. The program also modeled the side chains of 50 amino acid residues. Because of the small number of heavy atoms, non-crystallographic symmetry (NCS) could not be determined from the heavy atom sites. For finding the NCS, a program 2 was used that identified regions with 2-fold NCS from the available main-chain fragments. Three corresponding C␣ atoms from each NCS region were chosen to generate a new pseudo-heavy atom coordinate file for input to RESOLVE. In the next run, RESOLVE found the 2-fold NCS in the pseudo-heavy atom sites and used it for phase improvement, leading to a new polyalanine model with 140 amino acid residues (76% of total residues). At this time 69 side chains were modeled correctly. The resulting electron density maps were taken for further manual model building using the programs O (33) and COOT (34) . This model was refined against the high resolution data of the native TonB-92 using REFMAC5 (35) , which is part of the CCP4 program package (36) . The structure was subsequently refined with SHELXL (37). After modeling 198 water molecules and adding all hydrogen atoms, the last anisotropic refinement resulted in a final R-factor of 13.4% (R free , 18.5%). Refinement statistics are presented in Table I . Atomic coordinates have been deposited in the Protein Data Bank with the accession code 1U07.
Dynamic Light Scattering-Dynamic light scattering experiments with purified TonB-92 were carried out using a DynaPro MS-16 -830 instrument from Proterion Corp., High Wycombe, UK. The sample volume was 12 l of protein solution at 2 mg/ml in 20 mM Tris at pH 8.5 and 100 mM NaCl. Each sample was filtered through a 0.02-m pore filter (Whatman) before measurement. The time-dependent intensity signal of the scattered light was evaluated with the program Dynamics Version 6.
Analytical Ultracentrifugation-Experiments were performed on a Beckman XL-A Optima analytical ultracentrifuge equipped with an AN 60-Ti rotor 316 and an optical absorbance system. All experiments were done at 20°C with freshly prepared solution of TonB-92 at 2 mg/ml in 20 mM Tris pH 8.5 containing 100 mM NaCl. The protein was finally purified by gel-permeation chromatography. In sedimentation velocity experiments absorption was scanned 86 min after the rotor reached the top speed of 52,000 rpm.
Results of sedimentation equilibrium were obtained at protein concentrations of 0.5, 1.0, and 2 mg/ml, respectively. At a rotor speed of 34,000 rpm, equilibrium was achieved after 20 h. Data were analyzed using the software SEGAL 2.1. 3 In vitro binding experiments of TonB-92 to ferrichrome-loaded FhuA were done as previously described for other C-terminal TonB-fragments (21) .
RESULTS
The crystal structure of a C-terminal fragment of TonB from E. coli containing 92 amino acid residues ("TonB-92," residues 148 -239) was solved at 1.13-Å resolution. Because this fragment contains two methionine residues, we were able to gain phase information by the selenomethionine substitution method (see "Experimental Procedures"). The structure refinement with SHELXL resulted in a well defined model of both chains (called "a" and "b" in the following) of TonB-92 in the asymmetric unit with an R-factor of 13.4% and an R free of 18.5% (Fig. 1) . All amino acid residues except the first two N-terminal residues of the a-chain and the first four N-terminal residues of the b-chain were clearly visible in the electron density map.
Description of Experimental Structure-The overall size of the molecule is ϳ50 Å by 20 Å by 20 Å. The structure of TonB-92 presents secondary structure elements in the order of ␣*-␤1-␤2-␣-␤3 (Fig. 2) . Strands ␤1, ␤2, and ␤3 associate to a three-stranded ␤-sheet. The C-terminal strand ␤3 is longer than ␤1 or ␤2 and interacts with the corresponding part of a second TonB-92 molecule by forming an intermolecular antiparallel ␤-sheet. Dimerization leads to a non-crystallographic 2-fold symmetry (Fig. 1) . 3 See www.biozentrum.unibas.ch/personal/jseelig/AUC/software00.html. (Fig. 3) . Nevertheless, the electron density of residues in ES1 is well defined (Fig. 4) , and their B-factors do not deviate from the average value. After ␤2, the main-chain again changes direction and forms the long C-terminal strand ␤3 (Pro 220 -Thr 236 ). ␤3 protrudes out of the domain by about 8 residues and associates with an antiparallel ␤3Ј of another molecule resulting in an intermolecular ␤-sheet ␤3-␤3Ј.
Comparison with Crystal Structures of Tonb-77 and Tonb-85-In the following, the crystal structure of TonB-92 will be compared with that shared by TonB-77 and TonB-85. The common structure of the latter two fragments contains the residues 165-238 and will be referred to as the "tight dimer."
A superposition of one molecule from the crystal structure of TonB-92 and one from the tight dimer (Fig. 5) and their secondary structure assignments (Fig. 6) show that the secondary structure elements ␤1, ␤2, ␣, and ␤3 are formed and arranged similarly in both structures. In the tight dimer, the two molecules are engaged by exchanging their ␤1-␤2 hairpins with one another resulting in the formation of a six-stranded intermolecular antiparallel ␤-sheet (see Fig. 5 of Ref. 21 ). In contrast, in the TonB-92 structure the ␤1-␤2 hairpin does not exchange with another molecule but rather takes up the same place that is filled in the tight dimer with the ␤1Ј-␤2Ј hairpin from the other molecule. As seen in Fig. 5 , the orientation of the ␤-hairpin of TonB-92 and of the tight dimer can be superimposed onto each other very well. The comparison shows that the TonB chain has additional flexibility that is not obvious from the tight dimer structure and that results in two hinges before and after the ␤1-␤2 hairpin. The backfolding of the ␤-hairpin weakens the monomer-monomer interaction and leads to both a reduced length of ␤1 in TonB-92 and the formation of a new helix ␣* (Fig. 6 ). Strand ␤1 of the tight dimer starts with the residues Ala 169 , Leu 170 , and Arg 171 , whereas in case of TonB-92 these residues are part of the helix ␣*. The presence of seven additional N-terminal residues of TonB-92 as compared with TonB-85 thus seems to abolish the ␤1-␤2 exchange leading to a remarkably different crystal structure but retaining the basic arrangement of the secondary structure elements ␤1, ␤2, ␣, and ␤3 (see Figs. 5 and 6 ). In the tight dimer of TonB-85, 10 N-terminal residues (Ala 155 -Pro 164 ), previously shown to be important in interactions between TonB and the TonB box of the receptors (9), could not be modeled due to a high flexibility of this region. In the corresponding ES1 segment of the TonB-92 structure, residues 158 -164 possess dihedral angles close to ␤-sheet but lack any hydrogen bonds of the backbone and the side chains to other parts of the molecule. Interactions via four hydrogen bonds occur only further N-terminally between residues Arg 154 -Ser 157 and ES2. Conversely, in the tight dimer the residues of helix ␣* show ␤-like backbone conformation and are positioned close to the ES2 residues to which they form two hydrogen bonds. The interaction partners of ES2 thus shift by approximately ten residues from the N-terminal end of ES1 in the TonB-92 structure to its C-terminal end. These differences are surprising, because TonB-77 and TonB-85 both contain all residues which in the TonB-92 structure form ␣* and ES2 and in fact TonB-85 even contains most of the residues that form ES1, except for one residue, Arg 154 . Five aromatic amino acid residues were found to be conserved in TonB of several Gram-negative bacteria, forming four clusters in the tight dimer. Point mutations of these residues lead to a reduced activity of TonB (41) . In the two different crystal structures, these aromatic residues cluster in the same way, and the residues even have similar orientations (Fig. 1) . In particular the cluster composed of Phe 180 , Trp 213 , and Tyr 215 , respectively, can be superimposed upon the corresponding residues of TonB-85 with low deviation (Fig. 7) . Phe 180 resides on the exchangeable ␤-hairpin. For this reason the aromatic cluster (Phe 180 , Trp 213 , and Tyr 215 ) is formed by residues of both molecules of the tight dimer, whereas in the structure of TonB-92 all three residues belong to one molecule.
In the other cluster of the tight dimer, residues Phe 202 and Phe 230 interact by stacking of their aromatic side chains. In the TonB-92 structure a similar arrangement of these two residues is found but enlarged by Tyr 163 from ES1. The interaction of Phe 202 with Tyr 163 meets the criterion of an "edge on" interaction (42) and thus may contribute to stabilizing the folding back of the ␤1-␤2 hairpin in the two hinges before ␤1 and after ␤2. Tyr 163 has been shown to be critical for FecA function (22) . The structure of TonB-92 and the tight dimer share the formation of an intermolecular antiparallel ␤-sheet ␤3-␤3Ј. The residue pairing is, however, slightly different. In TonB-92 the center is shifted by one residue toward the C terminus compared with the tight dimer.
Oligomerization of TonB-92 in Solution, and Complex Formation with FhuA-Experiments were carried out to compare oligomerization of TonB-92 and complex formation with FhuA in solution with other fragments, TonB-77, TonB-86, TonB-96, and TonB-116, which were studied by us recently (21) . In contrast to the fact that TonB-92 forms a dimer in the crystal, we find that it behaves monomeric in solution as determined by dynamic light scattering and analytical ultracentrifugation. Dynamic light scattering experiments show monodispersity, and the autocorrelation function of scattered light intensity can be fitted by assuming a globular protein in solution with a calculated molecular mass of 13 kDa (data not shown). This finding is consistent with the results of the analytical ultracentrifugation experiments presenting an average molecular mass of 12 kDa and a sedimentation coefficient of s 20 ϭ 1.34. The experimentally determined molecular weights thus correspond to the calculated molecular mass of 10.2 kDa for monomeric TonB-92. In addition, a complex of purified TonB-92 and FhuA loaded with ferrichrome could be isolated by size exclusion chromatography (data not shown), providing evidence for the ability of TonB-92 to bind to its specific siderophore receptor FhuA in vitro.
DISCUSSION
TonB from E. coli is known to be essential for the transduction of chemiosmotic energy to TonB-dependent outer membrane receptors like FhuA and FepA. The atomic structure of the complete TonB (239 residues) is not yet known, but a rather elongated shape has been inferred from centrifugation and gel-filtration data (17, 24) . Recently, crystal structures of two C-terminal fragments of TonB, TonB-77 (21) and TonB-85 (23), have been determined. Both fragments crystallized as an intertwined homodimer. Here we present the structure of TonB-92, a C-terminal fragment of TonB from E. coli containing 92 amino acid residues.
Current knowledge of the molecular mechanism of TonB-dependent transport through the outer membrane is still very rudimentary. TonB transduces the energy that is needed for active transport of siderophores and vitamin B 12 through its cognate outer membrane receptors. The low copy number of TonB molecules compared with the number of TonB-dependent receptors (1) suggests that TonB probes many receptors and transduces energy only to ligand-loaded ones. Transport is initiated by binding of the ligand to the receptor binding site with submicromolar affinity. In the paradigmatic case of FhuA, the binding site is formed by residues in the external loops of the ␤-barrel and residues at the apices of three loops of the cork domain (2, 3) . The binding is accompanied by a conformational transition propagated through the cork domain to the periplasmic surface and results in the allosteric unwinding of a short "switch" helix and a relocation of the periplasmic N terminus, likely accompanied by a relocation of the TonB box as found in the structures of unliganded BtuB and BtuB with bound vitamin B 12 (6, 43) .
Several lines of evidence support the existence of a specific interaction between the C-terminal domain of TonB and the receptor, which is critical for TonB-dependent transport. A close apposition of the TonB box of the receptor with the Cterminal TonB region around Gln 160 has been inferred from in vivo experiments using tonB suppressor mutants (18) , crosslinking data (8) , disulfide formation in cysteine substitution mutants (9) , and competitive binding of peptides (20) . In vitro, complexes between receptors and TonB have been described that are more stable when the receptor contains bound ligand (17, 10, 21, 22, 44, 45) . Because of the crystallographic evidence for an allosteric conformational change at the periplasmic surface of the receptor, TonB could in principle bind there without significantly altering its conformation, but an induced fit of TonB upon binding cannot be excluded.
Conflicting views exist about the oligomeric form at which TonB persists in the free form and when bound to its receptor. Under in vivo conditions Sauter et al. (46) using ToxR fusions, found that the periplasmic part of TonB existed as a monomer, whereas the entire TonB and the C-terminal TonB-76 fragment formed dimers. Under in vitro conditions Koedding et al. (21) with analytical ultracentrifugation experiments found that TonB-77 and TonB-85 formed dimers, whereas longer TonB fragments up to TonB-116 formed monomers. Under similar conditions Khursigara et al. (24) found monomeric behavior of the periplasmic part of TonB and dimers for TonB-85. Also under similar conditions, Moeck and Letellier (17) report preliminary results indicating a 1:1 stoichiometry for complexes of the periplasmic part of TonB with FhuA, whereas Khursigara et al. (24) found that TonB-85 as well as the periplasmic part of TonB bound to FhuA at a 2:1 stoichiometry. A conclusion of Khursigara et al. was that the periplasmic part of TonB, while forming monomers in absence of FhuA, formed dimers upon binding to FhuA that remained stable after dissociation from the receptor. Moreover, Khursigara et al. observed with surface plasmon resonance experiments that the periplasmic TonB fragment displayed binding kinetics indicative of two binding sites, whereas TonB-85 displayed binding to FhuA only by a single binding site. The binding site of the periplasmic part of TonB, which was of higher affinity, apparently was not shared with TonB-85 and was responsive (increasing its affinity) to the presence of the FhuA ligand ferrichrome. This site, which must reside N-terminal of the C-terminal TonB domain, might be identical with the high affinity site in the proline-rich region described by Brewer et al. (47) .
Because the transport process is coupled to the use of chemiosmotic energy, the transduction of that energy to the receptor must be triggered at a distinct moment that likely coincides with the recognition of a liganded receptor by TonB. Furthermore, because the ligand has to be dissociated from its engagement with the high affinity binding site, one would expect the complex between TonB and the receptor to be rather tight. Because no high affinity binding site for FhuA has so far been found in the C-terminal domain (21) , a tight complex may be formed only transiently during energy transduction or its formation requires another high affinity site that is further Nterminal as, e.g., the site inferred from the results of Khursigara et al. (24) and Brewer et al. (47) . Finally, because the different TonB-dependent receptors show no overall conservation of residues on the periplasmic surface, the interaction of TonB with the receptors probably relies rather on backbone interactions than on sequence-specific side-chain interactions. In the following we will attempt to correlate all of the structural results concerning TonB with these various biochemical and functional data.
Why . 21) . Indeed, the loss of the ␤1-␤2 hairpin exchange significantly weakens the intermolecular interactions in TonB-92 as compared with the tight dimer. Nevertheless TonB-92 still forms a dimer in the crystal via its long ␤3 strand indicating that under special circumstances it might dimerize in solution as well.
One of the keys to understanding the structural transition from the tight dimer of TonB-85 to the TonB-92 structure must be the seven additional residues at the N terminus of TonB-92. The critical residue in the TonB-92 structure appears to be Arg 154 , which is the first residue missing in the TonB-85 fragment and which contributes one hydrogen bond to the ES1-ES2 interaction in the structure of TonB-92. Moreover, the other additional six N-terminal residues (Ser 148 -Pro 153 ) do not interact with the rest of the molecular structure.
Is There a Role for the Two Conformations in the Transport Process?-Experimentally two crystal structures are observed that also show a simple way to derive one from the other. It is possible that these obviously stable structures of the tight dimer and of TonB-92 reflect two conformational states of native full-length TonB independent of whether the dimer actually forms in vivo or not. Given that, it could be that each state will play a role in two different, distinct moments of the transport process. Because the basic steps of that process are virtually unknown, only rather tentative hypotheses can be put forward.
Cross-linking data and experiments sensitive to molecular mass indicate that TonB binds the receptors at two different affinities, at a low affinity via a site in the C-terminal domain and at a higher affinity via a site further to the N terminus. Among the subsequent associations, some likely are of higher affinity to dissociate the ligand from its micromolar binding site. The structure of TonB-92 seems to be a good candidate for a conformation that binds to the unliganded receptor at low affinity, because the Gln 160 region of ES1 is surface-exposed. The TonB box may be suitably placed for the interaction only in the liganded receptor, which would explain the cross-linking results of BtuB and FecA with TonB (9, 22) .
The association of ES1 with the TonB box could result in the dissociation of the weak interaction between ES1 and ES2 (which requires only four hydrogen bonds to be broken) and thus trigger a change to a conformation that resembles that of one molecule of the tight dimer. The ␤1-␤2 hairpin with its rather stable PDG turn could fold out (see Fig. 5 ) and would render the C-terminal TonB domain a reactive protein toward the receptor due to the many unsaturated hydrogen bonds. This could be the conformation of the C-terminal TonB domain in the complexes with its receptor. The dimer structure itself might not form because of the smaller copy number of TonB compared with its receptors. Interestingly, a mutation of the Glycine in the PDG motif of the hairpin, G186D, abolishes growth on ferrichrome and confers strong resistance to colicins B and M (Table 3 in Traub et al. (48) ), which supports the idea of an important role for the hairpin.
Other scenarios can be envisaged. Some of the proposed transport mechanisms involve a pulling force generated by conversion of chemiosmotic energy. That force may apply to the N terminus of TonB-92 after binding to the receptor and disrupt the ES1-ES2 bond. Subsequently ES1 may be pulled along ES2. Helix ␣* may unwind, and part of its residues eventually become apposed and hydrogen-bonded to ES2. The unwinding of ␣* would abolish the hinge, which bends the main chain backwards between ES1 and ␤1, and the ␤1-␤2 hairpin would fold out.
The two conformations of TonB-92 and of the tight dimer obviously are both rather stable, and their interconversion in solution may be inhibited by a rather high activation barrier. Khursigara et al. (24) , describe dimer formation of the periplasmic part of TonB by FhuA. We speculate that liganded FhuA may act as a catalyst for TonB dimerization due to its interaction with the ES1 segment. Moreover, Khursigara et al. (24) and Brewer et al. (47) describe a high affinity interaction site of TonB with FhuA further N-terminal of the C-terminal domain. After high affinity binding of one TonB molecule to FhuA the receptor may catalyze dimer formation of TonB if the latter is present at sufficiently high concentration. The result would be a heterotrimer formed by one liganded FhuA with a TonB tight dimer. After dissociation from FhuA, the TonB tight dimer would persist as observed by Khursigara et al. This could serve as an inactivation mechanism for TonB, preventing TonB-dependent receptors from becoming blocked by an excess of inactive periplasmic TonB domains.
In the above scenarios, the folding out of the ␤1-␤2 hairpin is presumed to lead either to a transient but tight FhuA-TonB complex of 1:1 stoichiometry or to the formation of the tight dimer with an adjacent TonB molecule. An idea of the mechanism by which the former complex may arise may be provided by two structures of the related domain from TolA. This energytransducing protein, which belongs to the TolQ/R/A system is known to connect the cytoplasmic membrane with the outer membrane (38) . The C-terminal domain of TolA has been crystallized as a monomer (25) . A superposition of TonB-92 with the C-terminal fragment of TolA is given in Fig. 8 and shows a close superposition of the three ␤-strands and the long ␣-helix. A second structure shows this TolA domain complexed as a monomer with a bacteriophage coat protein, with which it interacts during infection (26) . The association shows an intermolecular ␤-sheet formed and stabilized by intermolecular hydrogen bonds between TolA and G3p.
At present, the details of the interactions and conformational changes that take place during energy-dependent transport involving TonB and its receptors remain far from clear. However, the two structures of the tight dimer and TonB-92 represent constraints, which a final model of transport will have to take account of, and perhaps clues to the dynamic mechanism by which TonB interacts with the receptors and transduces energy to the transport process. (26) ). The N-terminal ␣-helix of TolA, which is not present in TonB, is not shown.
